SUMMARY
The spores and external mycelium of Glomus mosseae possessed a complex of pectolytic enzymes, including pectinesterase, polymethylgalacturonases, polygalacturonases, pectin and pectate lyases. Non-significant differences between spores and external mycelium were found in pectin esterase, endo-polymethylgalacturonase, polymethylgalacturonase and pectin lyase activities. However, greater polygalacturonase and lower endo-polygalacturonase and pectate lyase activities were found in the external mycelium than in the spores.
INTRODUCTION
The enhancement of growth in plants colonized by VA mycorrhizal fungi is well known [1] . The process of mycorrhizal colonization of plant roots takes place through a series of phases, one of which involves the penetration of hyphae along or through cell walls [2] . These hyphae come from spores or from external mycelium which arise from other VA colonized roots or from another part of the same root [3] . The mechanisms by which VA mycorrhizal fungi penetrate host tissues are still unknown, but cytochemical observations of fungal penetration into roots indicate that these fungi are probably able to degrade cell walls [4] .
Phytopathogenic and mutualistic microorganisms such as Rhizobium and Azospirillum are known to produce enzymes that degrade pectic substances [5] [6] [7] . The degradation of pectin is due to the action of a complex of enzymes, including polygalacturonase, pectinesterase and pectin lyase [8] . Those enzymes play a fundamental role in the penetration of microorganisms into the plant cell. Attempts to demonstrate pectinase production in extracts from VA mycorrhizal tissue have not been successful [9] . Since the VA mycorrhizal fungi have not yet been cultured axenically in the absence of plant roots, confirmation of the production of pectolytic enzymes is difficult, perhaps owing to the very low levels of enzyme produced, as occurs in other mutualistic microorganisms [10] . However, experiments on catabolic repression performed in our laboratory suggest that pectolytic enzymes may be implicated in the process of colonization of plant root by VA fungi [11] .
The aim of this work was to investigate the presence of different pectolytic enzymes in spores and the external mycelium of Glomus mosseae.
MATERIALS AND METHODS
Spores of Glomus mosseae were obtained by dissecting sporocaps which were recovered from wet-sieved soil [12] , stored in water at 4°C and used within one month. Before enzymatic assay, spores were surface-sterilized [13] . External mycelium was isolated from roots of 8-week-old lettuce colonized with G. mosseae. The roots were washed and rinsed gently with sterilized water and the external mycelium collected, using forceps, under a dissecting microscope.
Extracts from spores and external mycelium were prepared separately. They were finely pulverized in a mortar under liquid nitrogen. The resulting powder was suspended (30 mg/ml) in 0.25 M NaC1, for pectin esterase extraction, or in 50 mM Tris hydrochloride buffer (pH 7.2), for pectic depolimerases. Sodium azide (0.03%) was added to both extract solutions. The suspension was centrifuged at 20000×g for 15 min; the pellet resuspended and briefly sonicated (1 min, 5 times at 80 W); then washed by centrifugation with 0.25 M NaC1 or 50 mM Tris hydrochloride buffer three times. The supernatant was lyophilized and used as a crude enzyme extract.
The extracts (0.1 mg protein/m1) were assayed to determine the activities of pectin esterase (EC 3.1.1.11), endo-polygalacturonase (EC 3.2.1.15), exo-polygalacturonase (EC 3.2.1.67), pectate lyase (EC 4.2.2.9) and pectin lyase (EC 4.2.2.10). The activities of endo-polygalacturonase and polygalacturonase on pectin were designated as endopolymethylgalacturonase and polymethylgalacturonase respectively.
The substrates used in the analyses of pectic enzymes were Na polygalacturnate and citrus pectin (Sigma). Three general methods were employed for the detection of pectic substance depolymerases: reducing groups released, viscosity reduction and increase in absorption at 235 nm. Reducing ends were measured by the procedures of Nelson, [14] and Somogyi [15] . The increase in reducing groups was determined in reaction mixtures containing 0.3 ml 1% (w/v) pectin or Na polygalacturonate, 0.3 ml 50 mM potassium phosphate buffer (pH 6.0), 2 mM EDTA (to inhibit lyases), and 0.4 ml enzyme. One unit of enzyme was defined as the amount of enzyme which released 1.0 /~mol of galacturonic acid per hour at 37°C. Viscosity reduction was determined in a Cannon-Fenske viscosimeter (5354/4) at 37°C. Six ml of reaction mixture contained 1% substrate enzyme, 50 mM citrate phosphate buffer (pH 5) and 1 ml enzyme. One unit of enzyme activity was expressed as relative activity (RA: reciprocal of time in h for 50% viscosity loss x 103) [16] . The activities of pectin and pectate lyase were measured by recording the increase in absorption at 235 nm of a pectin or Na polygalacturonate solution respectively [17] . The reaction mixture contained 1 ml 0.5% solution of substrate; 0.5 ml 0.05 M Tris hydrochloride buffer (pH 8.5), supplemented with 0.001 M CaCI2; and 1 ml enzyme preparation. The reactions were stopped by adding 0.2 ml 9% ZnSO 4 • 7H20, mixing well, and centrifuging at 10 000 x g for 10 min. One enzyme unit was defined as a change of 0.01 absorbance units in 1 h, Pectin esterase was assayed by measuring the release of acid groups from pectin [18] . The reaction mixture consisted of 15 ml of 1% pectin (pH 5.5) in 0.25 M NaC1 and 2.5 ml enzyme solution. After reaction times of 10, 20 and 40 min, at 37°C the enzyme-substrate mixture was titrated with 0.02 N NaOH to the pH recorded at zero time. One unit of PE activity was defined as the amount of enzyme that required the addition of 1 microequivalent of NaOH/h to maintain the reaction mixture at pH 5.5.
Controls for all enzyme assays were autoclaved enzyme extracts and buffers, and 0.03% of sodium azide was added to all reaction mixtures.
Protein was determined by the method of Lowry et al. [19] with bovine serum albumin (Sigma) as the standard.
RESULTS AND DISCUSSION
This work demonstrated for the first time the presence of pectin esterase, endo-polymethylgalacturonase, polymethylgalacturonase, exo-polymethylgalacturonase, polygalacturonase, pectin and pectate lyase in spores and external mycelium of G. rnosseae (Table 1) .
Minimal breakdown of the plant cell wall occurs during penetration and colonization by the VA fungus; this does not affect the viability of plant cells [4] . Thus, mycorrhizal fungi would not be expected to produce abundant quantities of enzyme which would macerate the cortical root tissue. Polygalacturonase activity in pathogenic fungi has been found to be higher than in ericoid mycorrhizas [20] , and this activity was higher than those in the external mycelium of G. mosseae (Table 1) . However, no information is available regarding the production of other pectinases by mutualistic microorganisms.
The ability of many plant pathogens to produce these enzymes in culture is however not sufficient evidence to ascribe to them a role in pathogenicity [21] . Nevertheless, the presence of pectinases in spores and external mycelium may be an indication of the types of enzymes that this VA mycor- rhizal fungus is capable of producing in relation to root colonization. It would therefore be worthwhile to determine whether the different pectinases found in the spores and external mycelium participate in the colonization of plant root by VA fungal endophytes. Non-significant differences between spores and external mycelium were found in pectin esterase, endo-polymethylgalacturonase, polymethylgalacturonase and pectin lyase. However, higher polygalacturonase and lower endo-polygalacturonase and pectate lyase activities were found in the external mycelium than in the spores. Although these results suggest the possibility that induction and repression mechanisms by the plant roots [5] may operate in the production of pectinases by the external mycelium, more data are necessary to establish these mechanisms.
